Introduction {#Sec1}
============

Liquids and elastomeric materials are key components in microfluidic and diagnostic devices. Conveyed in open structures such as microchannels^[@CR1]^, deposited as refillable reservoirs^[@CR2]^, or conductive metallic lines^[@CR3]^, liquids can add novel functionalities to materials. For instance, in closed structures such as droplets, liquids reinforce the mechanical properties of elastomeric composite material^[@CR4]^. Our work reports a novel inclusion process and addresses how it affects the molecules contained in the droplets, in particular bioactive molecules or particles embedded in a polydimethylsiloxane (PDMS) matrix.

The introduction of compartments, channels and cages in materials is a challenging, yet desired step towards the manufacture of complex lab-on-a-chip architectures, metamaterials^[@CR5]^, flexible sensors^[@CR6]^, stretchable electronics^[@CR3]^, soft composites^[@CR7]^, mobile structures^[@CR8]^, and soft robots^[@CR9]^. Compartmentalization of biomolecules and/or reactions benefit from the confinement in an isolated and thus contamination-free environment. When coupled to a high-throughput manufacturing strategy, this allows access to a large number of samples, each with different reaction conditions^[@CR10]^. For instance, this has been used for screening and for crystallization studies, where nanoliter-scale droplets have been superficially deposited on a PDMS chip to imprint nanowells^[@CR11]^. A similar approach has been applied to single protein counting^[@CR12]^ and single-cell analyses^[@CR13],[@CR14]^.

Droplets are complex systems characterized by a high internal mobility of the component molecules^[@CR15]^ and 'active' droplets able to self-divide, self-replicate, or migrate along chemical gradients can be assembled by tailoring their composition and surface tension^[@CR15]^. Single size-controlled droplets provide microreactors for chemical reactions in a partially isolated environment, which is of high interest for microfluidic devices^[@CR16]--[@CR18]^, or the analysis of reactions in confined spaces^[@CR19]^. The inclusion of a liquid or gel phase in a polymeric material allows modification of the mechanical properties of the material and the generation of soft liquid composites (SLC) with novel properties and functionalities, e.g. for diagnostics^[@CR20]--[@CR22]^, production of plasmonic devices^[@CR23]^, stretchable electronics^[@CR3]^, soft conductive three-dimensional sponges^[@CR24]^, and polymer-encapsulated liquid droplets^[@CR25]^.

Regardless of its high hydrophobicity (water contact angle of 110°^[@CR26]^), PDMS is a versatile elastomeric polymer, easy to manipulate, with a very good contour accuracy (\<10 nm), chemical inertness, thermal stability, and homogeneity even after the generation of microstructures^[@CR27],[@CR28]^. Applications range from electronics to biomedical devices, mechanobiology and microfluidics. PDMS has been applied to the development of patches for the release of therapeutic molecules triggered by a mechanical stress^[@CR29]^, e.g. stretching, pressure. PDMS is often used in the prototyping of microfluidic devices but the small dimensions of the channels and the high hydrophobicity of the material makes it prone to biofouling, thus requiring passivation methods^[@CR30]--[@CR36]^.

Current approaches to the production of microcompartments for liquids in elastomeric materials require laborious two-to-many step processes involving the deposition of multiple layers, the design of masks or moulds, lithography or replica molding^[@CR37]^. In addition to increasing time and cost, multiple steps increase the risk of fabrication errors and possible contamination.

Here, we report a straightforward method for the inclusion of biomolecules as liquid droplets in PDMS films to generate SLC materials. In comparison to previously reported approaches, droplets are fully included in the PDMS matrix, and the formation and storage of biomolecules in aqueous droplets is achieved without surfactants or detergents that might compromise their bioactivity. Ensuring the stability of fluorophores and of catalytic entities is a requirement when testing how synthetic devices affect biological entities. Therefore, we firstly optimized the inclusion method by using dyes and then demonstrated its functionality by investigating three fluorescent proteins and the biotechnologically-relevant catalyst laccase. Additionally, we show that functional materials such as magnetic nanoparticles in liquid droplets can also be included in PDMS films and their spatial distribution can be controlled via external stimuli.

Materials and Methods {#Sec2}
=====================

PDMS sample preparation and droplet formation {#Sec3}
---------------------------------------------

The Sylgard 184 silicone elastomer kit including the polydimethylsiloxane (PDMS) monomer and curing agent was purchased from Dow Corning. For PDMS fabrication the base and curing agent are mixed with 10:1 ratio by weight and poured into a mold. The PDMS is cured for at least 48 h at room temperature. Paramagnetic particles were purchased from Polyscience (Cat. \#18879).

Fluorescent biomolecules production {#Sec4}
-----------------------------------

The α-subunit of C-phycocyanin (CPC, UniProt ID: Q54715) from *Synechocystis* sp. PCC6803 was overexpressed and purified by IMAC essentially as described in^[@CR1]^. The His-tagged version of GFPuv was recombinantly expressed in *E. coli* BL21(DE3) as described in^[@CR2]^. The mCherry-coding gene was cloned from the plasmid pET-mCherry LIC cloning vector (Addgene, ID: 29769) to give plasmid pEM09. In detail, the mCherry-encoding gene was PCR amplified with oligonucleotides pr044fw 5′-GTT TAA CTT TAA GAA GGA GAT ATA CAT AAT GGC CAT CAT CAA GGA GTT CAT GC-3′ and pr045rev 5′-TTG TCG ACG GAG CTC GAA TTT TAC TAG TGA TGA TGA TGA TGA TGC TTG TAC AGC TCG TCC ATG CCG-3′, and cloned into the EcoRI/NdeI linearized pET22b vector by isothermal assembly (50 °C, 40 min). Plasmid pEM09 was transformed into chemocompetent *E. coli* BL21 (DE3) cells and one ampicillin-resistant colony was picked and used for expression as in^[@CR2]^. CPC, GFP and mCherry were all expressed with a hexa-histidine tag and purified by nickel-affinity chromatography using an Äkta Purifier system and Histrap columns (GE Healthcare) as in^[@CR2]^.

Protein analytics and quantification {#Sec5}
------------------------------------

Spectrophotometric UV-Vis analyses were done with a 96-well plate reader using a 200 μl sample at 22 °C. Fluorescence intensity measurements were performed using black half-area multiwell-plates with a 100 μl sample and with λ~ex~ = 609 nm and λ~em~ = 400--700 nm. CPC concentration was determined from the absorbance at 620 nm using an extinction coefficient ε^1%^~620~ = 70. mCherry was quantified using an extinction coefficient ε = 35870 M^−1^ cm^−1^ at 280 nm, as calculated with the software Protparam^[@CR3]^. GFPuv concentration was determined using Nanodrop (Thermo Scientific) and an extinction coefficient ε = 27000 M^−1^ cm^−1^ at 280 nm and a calculated molecular mass of 27862 g mol^−1^. Protein structures were visualized and analyzed with PyMol (The PyMOL Molecular Graphics System, Version 1.5 Schrödinger, LLC.).

Enzymatic activity {#Sec6}
------------------

Laccase from *Trametes versicolor* (product nr. 38429) and chemicals were purchased from Sigma Aldrich (Buchs, Switzerland). Upon removal from the material, laccase activity was measured using 2 mM ABTS as substrate in McIlvaine buffer (pH 4) at room temperature, in transparent polystyrene 96-well microplates. The reaction was followed with a microplate reader BioTek Synergy Mx spectrophotometer at 420 nm at 22 °C, and enzymatic activity was calculated with a molar extinction coefficient of 36000 M^−1^ cm^−1^ for oxidized ABTS. The total assay volume was 200 μl.

Imaging {#Sec7}
-------

Images for intensity analysis were taken with a LS Reloaded Microarray Scanner (Tecan, Switzerland) equipped with three lasers at 635 nm, 532 nm, and 488 nm. Images were also acquired with a Leica DM6000 microscope fitted with a digital camera (Leica DM6000, Wetzlar, Germany) and equipped with a GFP (λ~ex~ = 450--490 nm, λ~em~ = 525--550 nm) and N2.1 filter (λ~ex~ = 515--560 nm, λ~em~ ≥ 590 nm).

Results and Discussion {#Sec8}
======================

The initial hypothesis was that PDMS in its viscous state would be suitable for the inclusion of liquid droplets, which could introduce additional functionalities to the material. Two main issues had however to be faced. First, the high viscosity of unpolymerized PDMS prevents the spontaneous complete penetration of water-only liquid droplets, as their density is too low. Secondly, droplets with higher density dispensed at the surface of the unpolymerized PDMS slowly migrated towards the bottom and adhered to the mould used for casting, leading to a loss of integrity. To solve the first technical issue, the density of the liquid droplet was tuned to promote its complete incorporation in the PDMS matrix. Preliminary screening experiments identified glycerol as the optimal compound. Characterized by a higher density than PDMS (d~glycerol~ = 1.26 g/cm³ and d~PDMS~ = 0.97 g/cm3 at 20 °C), glycerol is able to stabilize the tertiary structure of biomolecules, it is used as cryoprotectant, inhibitor of aggregation, and is an inert component in enzymatic, biological, and chemical reactions^[@CR38]^. Moreover, PDMS and glycerol were selected for their incompressibility and immiscibility. Therefore, glycerol was added at a concentration of 50% to all aqueous samples prior to deposition in PDMS. These droplets were then introduced within the PDMS matrix as shown in Fig. [1](#Fig1){ref-type="fig"}. To ensure the integrity of the droplet within the material, first a basal layer of PDMS (0.5--1 mm thick) was poured into the mould and cured under mild conditions (Fig. [1](#Fig1){ref-type="fig"}, step 1), e.g. room temperature (22 °C) for 48 h. Once cured, a second unpolymerized PDMS layer was dispensed to reach an approximate 5:1 vol/vol ratio with the basal layer (Fig. [1](#Fig1){ref-type="fig"}, step 2). During the degassing phase, air bubbles were let to spontaneously migrate to the surface and, when no longer visible, droplets of the chosen biomolecule-containing solutions were dispensed on the surface of the viscous PDMS using a micropipette and let to settle (Fig. [1](#Fig1){ref-type="fig"}, step 3). The time between the mixing phase (monomer and curing agent) and the disappearance of the air bubbles corresponds to 30 min. As soon as the monomer and the curing agent were mixed, the polymerization process started. Nevertheless, the deposition of the droplets could be realized during an experimentally defined window of time of 4 hours where the PDMS remains in a viscous state due to the slow polymerization condition (room temperature) and before its complete polymerization.Figure 1Schematic representation of the process leading to the inclusion of an aqueous solution containing a biomolecule in its active form in PDMS. After pouring a thin basal layer of liquid PDMS that is then cured, a subsequent thicker layer is added on top. Then the biomolecule-rich solution is deposited in µl-sized droplets and the PDMS is let to cure under mild condition, to be characterized subsequently by *in situ* spectrophotometry or *ex situ* using biochemical methods.

As an illustration of the final composite, Fig. [2](#Fig2){ref-type="fig"} shows the generation of aqueous dye-loaded inclusions into the PDMS matrix. The aqueous solution containing the blue-violet dye in distilled water was mixed with glycerol (50% volume of the droplet solution) to generate the droplets included into the PDMS matrix. Figure [2a,b](#Fig2){ref-type="fig"} illustrate the top view of the PDMS film with blue-violet droplets having a unique size. The droplets' volume was 10 µl and the droplets were deposited on a hexagonal lattice, demonstrating control over the localization of each droplet. Figure [2c,d](#Fig2){ref-type="fig"} indicate that the droplets were not on the surface of the PDMS matrix but were included inside the PDMS matrix as illustrated in Fig. [2d](#Fig2){ref-type="fig"} where a side view of the PDMS matrix is shown.Figure 2Soft liquid composite samples made with inclusions of various dye-loaded droplets: (**a**) Top view of the blue-violet dye-loaded droplet inclusions forming a hexagonal network; (**b**) Zoomed view of the hexagonal network; (**c**) 60° and (**d**) 90° side views of the sample illustrating the complete inclusion of the blue-violet liquid droplets into the PDMS matrix; (**e**) Top view of inclusions made using droplets of 5, 10, 15 and 20 µl; (**f**) Zoomed view of the soft liquid composite sample illustrating the different droplets; (**g**) 90° side view of the sample illustrating the penetration of the blue-violet liquid droplets into the PDMS matrix. (**h**) Top view of the sample made with different dye-loaded droplets forming a cubic network; (**i**) Zoomed view of the cubic network; (**j**) 90° side view of the sample illustrating the penetration of the different dye-loaded droplets into the PDMS matrix.

In the next example (Figs. [2e,f,g](#Fig2){ref-type="fig"}, and [SI1](#MOESM1){ref-type="media"}), droplets of different volumes were included in the PDMS to demonstrate control over their size. The volumes used were 5, 10, 15 and 20 µl. Figure [2e,f,g](#Fig2){ref-type="fig"} clearly indicate the possibility to control the volume and thus the size of the generated inclusions into the PDMS matrix allowing to tune both the material and the droplets/microreactors.

As a last illustration of the developed method, in Fig. [2h,i,j](#Fig2){ref-type="fig"}, the introduction of aqueous droplets using different dyes was investigated. A cubic network was used to deposit the droplets. The droplets contained the same volume (10 µl) but were made of mixtures of different dyes in distilled water and 50 v/v % glycerol. Figure [2h,i](#Fig2){ref-type="fig"} display the top views of the sample. In particular, Fig. [2i](#Fig2){ref-type="fig"} shows a zoomed view of the cubic network. In Fig. [2j](#Fig2){ref-type="fig"}, we show the 90° side view illustrating the droplets into the PDMS matrix. In Fig. [SI2](#MOESM1){ref-type="media"}, additional illustrations indicate the change of colour in function of the view angles due to the superposition of the different dye-loaded droplets demonstrating that the material could be used to manipulate incoming light and potentially as a signal transducer.

After demonstrating control over the droplet distribution and size (Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}) fluorescent proteins were used to investigate the effect of the inclusion process on biomolecules (Fig. [3a](#Fig3){ref-type="fig"}). Fluorescent proteins CPC, GFP, and mCherry were selected because of their different structural and fluorescent properties. Since the fluorescence of a protein is dependent on the interaction of the chromophore with its molecular environment, including the protein matrix^[@CR39]^, it can be perturbed by the interaction with a material surface^[@CR40],[@CR41]^. It is thus interesting to investigate if the inclusion of fluorescent proteins solutions in a PDMS matrix affects their properties^[@CR42]^. All fluorescent proteins used are characterized by good solubility levels and their molecular surface show well distributed hydrophobic regions that, however, could lead to interactions with the PDMS surface (Fig. [SI3](#MOESM1){ref-type="media"}). Although the adsorption of proteins to surfaces is a spontaneous process hard to prevent, and their interaction with PDMS surfaces in aqueous solutions was reported to lead to extensive adsorption forming layers of up to 4 nm in thickness with a density of \~3 mg/m^2^ in less than one hour, droplets containing the fluorescent proteins were homogeneous. The colour was not concentrated at the PDMS interface nor at the bottom of the droplets, which could happen in case of aggregation. Therefore, this suggests that the addition of the glycerol inhibits the adsorption of the proteins to the surface and minimizes their interactions with one another (Fig. [3a](#Fig3){ref-type="fig"}). Upon inclusion and by controlling the direction of the white-light illumination, the characteristic fluorescence of the proteins became visible (Figs. [4a](#Fig4){ref-type="fig"} and [SI4](#MOESM1){ref-type="media"}). Under lateral illumination, the included droplets of GFP and CPC appeared green and red to the eye, respectively, as these conditions reduced the amount of reflected white light observed under top illumination. CPC, GFP and mCherry proteins within droplets retained their characteristic light absorption and fluorescence properties (Fig. [4b](#Fig4){ref-type="fig"}) once included, i.e. with absorbance/fluorescence maxima at 620/640 nm, 395/509 nm, and 587/610 nm, respectively^[@CR43],[@CR44]^. In addition to being measured *in situ* with a fluorimeter, fluorescence intensity was quantified using a microarray scanner (Fig. [4c](#Fig4){ref-type="fig"}) and the linear correlation between concentration and emitted fluorescence of GFP was not affected by the inclusion process (Fig. [4c](#Fig4){ref-type="fig"}) in a 0--2 mg/ml range. These results show that PDMS could be used as an optical waveguide^[@CR45]^ (Fig. [4a](#Fig4){ref-type="fig"}), due to the intrinsic smoothness of the polymerized PDMS-liquid interface that minimizes light scattering and reflection. This might be of interest for static optofluidic applications, e.g. liquid lenses and mirrors.Figure 3Inclusion of biomolecules containing droplets in a controlled spatial arrangement. (**a**) Zoomed view of inclusions of GFP in PDMS as droplets in liquid form. Deposited as 6 droplets of 10 µl volume, aqueous solutions containing GFP can be stored in PDMS as well-defined spherical droplets. (**b**) Droplets can be freely arranged in patterns and arrays without leading to fusion while preserving their fluorescent properties (FL).Figure 4Characterization of fluorescent proteins, enzymes, and nanoparticles included as droplets in PDMS. (**a**) Fluorescence of the included biomolecules was visible upon lateral illumination. (**b**) *In situ* measurements of the absorbance (continuous line) and fluorescence (dashed line) emission spectra of GFP (green), mCherry (blue), CPC (red) and included as droplets in PDMS. (**c**) Linear concentration-dependent fluorescence emission of GFP as droplets in PDMS. In the inset, a photographic image and a false colouring based on fluorescence of the material. (**d**) Concentration-dependent activity of laccase included in PDMS (empty dots) and of the control solution (filled dots). (**e**) Migration of nanoparticle aggregates in aqueous solution as droplets when exposed to an external magnetic field (magnet on the left) and visualized by optical microscopy over time (droplet volume: 10 µl, = 2.7 mm, total time = 30 s).

The enzyme laccase has proven to be particularly valuable in biocatalysis, food engineering, and sensing devices^[@CR46]^, it would therefore be interesting to be able to screen its properties in the presence of different solutes in a controlled environment. Like the fluorescent proteins used above, laccase is also a highly soluble protein that, additionally, is glycosylated at multiple sites, which contribute to its stabilization^[@CR47]^. The interaction of proteins, applied in dry powder form, through hydrophobic and moulding interactions with unpolymerized PDMS has been shown not to compromise the functionality of the protein^[@CR48]^. To test this observation with the newly developed inclusion method, solutions of laccase with concentrations ranging from 0 to 3.2 mg/ml were included as droplets in PDMS. Enzymatic activity was measured after two days and compared to an identical untreated control enzyme solution. To reliably perform a one-to-one comparison of residual activity between the control solution and the one stored as inclusions, we simply extracted the inclusion solution using a micropipette. The laccase solution included in PDMS retained its activity and was not influenced by the inclusion process, i.e. the residual activity measured from the included enzymatic solution was comparable to the untreated solutions (Fig. [4d](#Fig4){ref-type="fig"}). The highest level of protein adsorption is usually registered at conditions of pH values close to the isoelectric point (pI) of the protein^[@CR49]^. Since the laccase solution was prepared in 50% glycerol with the addition of 100 mM of potassium phosphate giving a pH of 7.5, a condition far from the pI of the protein, it is not surprising that the inclusion of laccase (pI = 3.535) within PDMS did not lead to a loss of enzymatic activity (Fig. [4d](#Fig4){ref-type="fig"}). In addition, the high concentration of amphiphilic glycerol present in the droplet will also favour the retention of the biomolecules in the liquid phase, as glycerol can shield the interaction between the hydrophobic PDMS surface and the hydrophobic regions of the proteins.

The possibility of completely embedding liquid droplets in a material paves the way for the development of microreactors and sensing droplets, e.g. containing traceable elements whose behavior can be influenced by external triggers. By including solutions containing superparamagnetic nanoparticles, the localization and orientation of these particles could reveal the presence of externally applied magnetic fields, e.g. a magnet influenced their movement. Similarly, nanoparticle movement could be actively induced to swirl the solution within the droplet (Fig. [4e](#Fig4){ref-type="fig"}) and clearly indicates that a liquid phase is maintained in the inclusions introduced in the PDMS matrix. These observations suggest applications of included nanoparticles as stirrers for microliter volumes and/or as drivers of the motion of droplets on surfaces^[@CR50]--[@CR53]^.

Conclusions {#Sec9}
===========

We report a method for the complete inclusion of aqueous droplets containing dyes, biomolecules or nanoparticles in PDMS under mild conditions that do not alter their biochemical properties or mobility, respectively. This new tool allows to create liquid phases into a polymeric matrix, a process that will be useful for the development of functional materials from photonic crystals, batteries, biosensors, storage devices, microreactors to transdermal drug delivery systems which are under investigation in forthcoming works^[@CR54]^.
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